Understanding the interaction of molecularly assembled nanoparticles with physiological fluids is critical to their use for in vivo delivery of drugs and contrast agents. Here, we systematically investigated the factors and mechanisms that govern the degradation of DNA on the nanoparticle surface in serum. We discovered that a higher DNA density, shorter oligonucleotides, and thicker PEG layer increased protection of DNA against serum degradation. Oligonucleotides on the surface of nanoparticles were highly resistant to DNase I endonucleases, and degradation was carried out exclusively by protein-mediated exonuclease cleavage and full-strand desorption. These results enabled the programming of the degradation rates of the DNA-assembled nanoparticle system from 0.1 to 0.7 h −1 and the engineering of superstructures that can release two different preloaded dye molecules with distinct kinetics and half-lives ranging from 3.3 to 9.8 h. This study provides a general framework for investigating the serum stability of DNA-containing nanostructures. The results advance our understanding of engineering principles for designing nanoparticle assemblies with controlled in vivo behavior and present a strategy for storage and multistage release of drugs and contrast agents that can facilitate the diagnosis and treatment of cancer and other diseases.
nanoparticle assembly | DNA nanostructures | serum stability | serum resistance | controlled cargo release I ncreased understanding of nanoparticle interactions with biological systems enables the construction of safe and efficacious nanomedicine design. One emergent concept is the need for dynamic nanoparticle systems that are capable of changing their physicochemical properties within the physiological environment (1) (2) (3) . This idea builds on the culmination of experimental evidence showing that cells and tissues interact with engineered nanoparticles as a function of their size, shape, and surface chemistry (4) but that these parameters must adapt to the evolution of in vivo barriers that nanoparticles encounter en route to their intended destination (2, 5) .
DNA-functionalized nanoparticles are potentially powerful building blocks for engineering dynamic delivery systems. DNA can be tethered onto a variety of nanoparticle formulations (e.g., inorganic, polymer, lipid, etc.) to program their assembly into precise shapes and sizes based on Watson-Crick hybridization (6, 7) . DNA-assembled nanoparticles retain their large surface area to volume ratios for functionalization with molecular payload (8, 9) and can be designed to generate novel properties that derive from particle-particle coupling (10, 11) . DNA-assembled nanoparticle systems are highly modular, allowing combinations of varying nanoparticle compositions, surface coatings, and assembly architectures to be rapidly prototyped and evaluated for their biological properties and applications (5, 12, 13) . Finally, biodegradation of DNA results in nanoparticle disassembly and release of tethered components, which provides a natural mechanism for bioelimination and/or drug release (2) .
As we advance the concept of DNA-assembled nanoparticles into real world clinical applications, there is a need to better understand and control the degradation properties of such molecularly assembled constructs to engineer their biological delivery.
Although there have been some in vitro studies on the degradation of DNA-functionalized nanoparticles in simplified biological medium [e.g., phosphate-buffered saline (PBS) spiked with nucleases or cell culture medium containing 10% (vol/vol) serum] (14) (15) (16) (17) , there is little knowledge linking the physicochemical properties of DNA-coated and nucleotide-assembled nanoparticles to their biodegradation behavior in complex physiological fluids, such as whole blood or serum. Here, we provide systematic mapping of the serum breakdown rates and degradation processes as they relate to nanoparticle design parameters. This information allows us to control the stability and degradability of the assembled system in vivo. The morphology, size, shape, and surface chemistry of nanoparticles may determine their in vivo behavior (e.g., pharmacokinetics, biodistribution, and toxicity). Although premature degradation would alter these parameters and make it difficult to predict biological function, temporally programmed breakdown can serve as a mechanism for controlled cargo release, presentation of targeting ligand, or postdelivery bioelimination of nanoparticle components. This study, thus, provides design parameters and mechanisms to engineer DNA-assembled nanoparticle systems for biological delivery.
Results and Discussion
We hypothesized that serum degradation of DNA-assembled nanoparticles is a multistep process governed by two sets of design parameters: (i) the physicochemical properties of DNAfunctionalized gold nanoparticles (GNP-DNA), including the Significance DNA-mediated nanoparticle assembly is an emerging concept to design drug delivery vehicles that can modify their structure or function in response to the in vivo environment. However, better understanding of their interactions with different tissues and organs is needed to establish specific design criteria. Here, we perform a systematic investigation of the molecular properties and mechanisms responsible for serum degradation of DNA-assembled structures. We show that the degradation process is determined by the combined contributions of the surface chemistry of nanoparticles and their supramolecular arrangement. The results also present a strategy for using physiological fluid degradation as the mechanism of controlled drug release. Our findings provide a general framework to study biological interactions of DNA nanostructures.
composition, size, and density of surface ligands; and (ii) the overall supramolecular architecture of how these nanoparticles are assembled together (Fig. 1A) . To assess the relative significance of these parameters, we examined the serum stability of DNA-functionalized nanoparticles in their nonassembled state. GNP-DNAs were synthesized using a published method (18) and stabilized by polyethylene glycol (PEG) to prevent serum-induced aggregation (SI Appendix, SI Discussion S1 and Fig. S1 ). All oligos used in this study are listed in SI Appendix, Table S1 .
Serum Degradation of DNA-Functionalized Nanoparticles. We examined the effects of DNA density, length, and parity [single stranded (ss) or double stranded (ds)] on serum stability of GNP-DNAs; 15 nm GNPs were grafted with a 45-nt sequence (GNP-DNA45) at 20, 40, 80, 160, or 240 strands per particle. Backfilling with 5 kDa PEG resulted in mild DNA displacement (∼17%,), with the final number of 8-138 strands per particle (SI Appendix, Fig. S2 A-C). Serum stability was evaluated by incubating GNP-DNAs in undiluted mouse serum for 0.5, 1, 2, 4, 6, or 8 h (experimental scheme is in Fig. 1B ). Particles were then treated with proteinase K and sodium dodecyl sulfate (SDS) to degrade proteins and washed by centrifugation, and DNA remaining on nanoparticles was released by 1,4-dithiothreitol (DTT) treatment and visualized on native polyacrylamide gel electrophoresis (PAGE). DNA degradation was quantified by densitometry of the gel band associated with the full-length DNA strand, and the rate of degradation was obtained from a onephase decay curve fitting. Degradation rate varied from 0.6 to 3.1 h −1 and was inversely correlated with DNA grafting density ( Fig. 2A and SI Appendix, Fig. S2D ). The relationship was more pronounced at lower densities, increasing from 1.2 h −1 (45 strands per particle) to 3.1 h −1 (8 strands per particle). Additional increases in DNA grafting ratios had more modest impact on degradation rate, rising only by 0.6 h −1 from 45 to 138 strands per particle. In contrast to nanoparticle-bound DNA, free strands degraded rapidly in serum (SI Appendix, Fig. S3A ). These findings suggest that high grafting density of DNA on a nanoparticle surface increases its resistance to serum degradation, consistent with what was observed for GNP-DNA degradation by DNase I (14, 15) and GNP-RNA serum degradation (19) (20) (21) (22) .
We next examined the effect of DNA length and parity on the rate of degradation. Four GNP-DNAs were synthesized with oligos of 25-(DNA25), 35-(DNA35), 45-(DNA45), and 55-nt long (DNA55). We altered DNA parity by designing complementary strands (cDNA) that bind the variable length regions of the GNP-DNA to form DNA duplexes. Degradation rates were found to increase nonlinearly as a function of DNA length ( Fig. 2B and SI Appendix, Fig. S4A ). Oligos of 25-and 35-nt long showed slow degradation and little or no difference between single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA). Much faster rates and significantly higher degradation of ssDNA were observed as DNA strand length extended to 45 or 55 nt. These results are consistent with our findings that degradation rate correlates inversely with DNA density. Because of the high curvature of nanoparticles, DNA density drops rapidly away from the nanoparticle surface (9, 23) . Therefore, longer DNA strands experience lower density-dependent protective effect than their shorter counterpart. In contrast, addition of the cDNA strand increases the DNA density, resulting in improved protection. Another important factor is the effect of PEG backfill layer, which blocks enzymatic access to DNA (17, (24) (25) (26) (27) . DNA strand that is shorter than the thickness of the PEG layer is protected from protein binding by being fully submersed within the PEG molecules. In such configuration, additional increase in DNA density through addition of the complementary strand has little effect. This result is seen for GNP-DNA45 with 10 and 20 kDa PEG ( Fig. 2C and SI Appendix, Fig. S4B ) and GNP-DNA25/35 with 5 kDa PEG in Fig. 2B . In contrast, when the DNA extends beyond the PEG brush layer, it is exposed to rapid enzymatic cleavage, which can be mitigated by the cDNA addition. This result is the case for GNP-DNA45 with 5 kDa PEG in Fig. 2C . Full discussion regarding the determination of PEGlayer thickness can be found in SI Appendix, SI Discussion S2 and Fig. S5D .
The role of PEG in mediating GNP-DNA stability prompted us to investigate the effect of PEG density. GNP-DNA45 were backfilled with 5 kDa PEG at grafting densities ranging from 8,000 to 32,000 PEG per nanoparticle. We did not observe correlation between PEG grafting density and the rate of degradation (SI Appendix, Fig. S6 A and B). Quantification of PEG loading showed fairly slow increase in surface grafting density from 2.7 to 3.8 PEG per 1 nm 2 (SI Appendix, Fig. S6C ), indicating that PEG density on the surface was close to saturation. Our results are in agreement with the observation that a relatively low PEG density of 0.64/nm 2 was sufficient to block adsorption of the majority of serum proteins (25) .
Mechanism of DNA Degradation. Three mechanisms can contribute to DNA degradation on the nanoparticle surface: (i) degradation from the ends of the strand by exonucleases, (ii) internal cleavage by endonucleases, and (iii) desorption of the whole strand from the surface through thiol-gold bond disruption (Fig. 1A) . There is no clear consensus in the literature on the exact serum degradation pathway of free DNA, with some studies reporting exclusive 3′ exonuclease activity (28) , and others showing combined exo-and endonuclease degradation (29) (30) (31) . Our own data showed that free DNA protected from 3′ exonuclease degradation by introduction of inverted deoxythymidine base (invT) at its 3′ end (32) slowed down but did not inhibit serum degradation, indicating the presence of endonuclease or 5′ exonuclease activity (SI Appendix, Fig. S3B ). Strand desorption from the surface is a nanoparticle-specific process that could not be predicted from free DNA studies.
We investigated the mechanism of degradation by examining the gel band pattern of the DNA remaining on the nanoparticle surface after serum incubation. Exonucleases are expected to produce band smear and a shift to lower molecular mass (28) , endonucleases should result in the appearance of discrete bands corresponding to preferential cleavage sites (30, 33) , and fullstrand desorption should not generate degradation bands but lead to gradual disappearance of the full-size band (Fig. 1B) . Band patterns associated with serum incubation of DNA45 and DNA55 (both with exposed 3′ termini) indicated degradation by 3′ exonucleases (Fig. 2B) . Also, in agreement with 3′ exonuclease activity, which is significantly reduced in the case of dsDNA (28), hybridization of the complementary strand slowed the rate of degradation. We probed this further by modifying the DNA45 strand to protect its 3′ end with inverted deoxythymidine base (DNA45-invT) or a hairpin (DNA45-HP) (34) or inverting strand polarity to hide the 3′ end, exposing the 5′ terminus (DNA45-5′). Full-strand desorption patterns were observed when these oligos were incubated in serum ( Fig. 3A and SI Appendix, Fig. S7 ), confirming that the degradation of DNA45 was mainly carried out by 3′ exonucleases. Much slower degradation of DNA45-5′ and its corresponding desorption band pattern indicated that 5′ exonucleases do not play a significant role in DNA breakdown. In contrast to longer DNA strands, DNA25 and DNA35 with exposed 3′ ends showed slow rate of degradation for both their ssDNA and dsDNA forms with characteristic strand desorption rather than exonuclease cleavage patterns (Fig. 2B ). For these strands, DNA degradation rates based on lane densitometry (which includes the original size band and all degradation products) matched those of the band densitometry (SI Appendix, Fig. S8 ), confirming desorption mechanism (DNA cleavage would lead to slower lane degradation compared with band degradation). Protecting DNA25 from 3′ exonucleases by inverting the strand to expose the 5′ end (DNA25-5′) had no effect on the degradation (SI Appendix, Fig. S9 ). This result suggested that, when DNA strands are shorter than the thickness of the PEG layer, they are protected from exonucleases and can only be removed by desorption, and therefore, 3′ end protection is not useful. Interestingly, desorption rate of the shorter DNA25-5′ was noticeably slower compared with DNA45-5′, which extends above the PEG brush layer. This result indicates that access to DNA is a key parameter affecting the rate of desorption.
Next, we confirmed that the pattern observed for exonuclease protected strands is indeed caused by strand desorption. If endonuclease cleaving resulted in short DNA fragments, their staining on the gel could be weak, and results seem to mimic desorption. DNase I was used as the model endonuclease, because it is the major serum and tissue endonuclease (30, 35) , and resistance to DNase I degradation is often used to predict biological stability of DNA-containing nanoparticles (14, 15, 17, (36) (37) (38) . We subjected exonuclease-resistant nanoparticles with DNA45-5′ to DNase I degradation and observed the expected multiband pattern (Fig. 3B and SI Appendix, Fig. S10 ). We found that 50 U/mL DNase I was needed for clearly observable degradation (SI Appendix, Fig. S11 ), which is 500 times higher than its physiological mouse serum concentration of 37 ng/mL (∼0.1 U/mL using the conversion 1 mg = ∼2,500 U) (31) . These data agree with past studies that DNA immobilized on the nanoparticle surface is highly resistant to DNase I degradation (14, 15) . Actin is a known inhibitor of DNase I activity (39) . The addition of 0.25 mg/mL actin to samples treated with 50 U/mL DNase I showed clear inhibition of the enzyme. However, addition of the same amount of actin, which is orders of magnitude higher than that required for complete DNase I inhibition in mouse serum (31), had no effect on serum degradation of nanoparticles with ssDNA45-5′ or dsDNA45 (Fig. 3B) . These results confirm that nanoparticle-immobilized DNA is strongly protected from DNase I cleavage, and therefore, this enzyme does not play a significant role in serum degradation.
The degradation rates and patterns associated with the different end modifications indicated that DNA desorption is the dominant mechanism of exonuclease-resistant strand removal from the nanoparticle surface. It has been previously shown that the rate of desorption of DNA from gold nanoparticles by small thiol-containing molecules, such as DTT, can be reduced by replacing a monothiol with a dithiol linker (40) (41) (42) . We observed that, although introducing a dithiol linker at the 3′ end of DNA45-5′ strongly protected nanoparticles from salt-induced aggregation in 10 mM DTT (SI Appendix, Fig. S12 ), no resistance to serum degradation was observed ( Fig. 3C and SI Appendix, Fig.  S13 ). DNA25 modified with dithiol yielded similar results (SI Appendix, Fig. S14 ). This discrepancy could be explained by observations that the majority of thiol-containing small molecules in serum, such as glutathione (GSH) or cysteine, are present in the disulphide protein-bound state, leaving few free thiols to interact with nanoparticle (43, 44) . To test this idea, we incubated DNA45-5′ nanoparticles in PBS supplemented with normal serum levels of 20 μM cysteine and 1 μM GSH (43) . No DNA desorption was observed (SI Appendix, Fig. S15 ). We also incubated DNA45 or DNA45-5′ nanoparticles with protein and small molecule serum components ( Fig. 3D and SI Appendix, Fig. S16 ). Incubation with protein fraction showed a degradation pattern similar to that of complete serum, but no degradation was observed for small molecule components or PBS control. These results indicate that DNA desorption in serum is mediated exclusively by proteins without the involvement of small molecules and cannot be inhibited by the introduction of dithiol linkers. Interestingly, this process contrasts with our observation of serum aggregation of nanoparticles lacking protective PEG backfill, which involves the combined interaction of proteins and small molecules (SI Appendix, SI Discussion S1 and Fig. S1 ).
Finally, we investigated the effect of serum type on degradation. Fetal bovine serum (FBS) showed a exonuclease-dominated degradation profile of DNA45 similar to that of the mouse A B C serum but a slower removal of DNA45-5′ strand, suggesting that desorption processes are weaker in FBS compared with mouse serum (SI Appendix, Fig. S17) . Surprisingly, stability of nanoparticle-immobilized DNA was found to be ∼10 times higher in human serum. Little difference was observed between the 3′-and 5′-terminated strand degradation profiles, and only a weak exonuclease degradation pattern was observed for DNA45. This result suggests that, in contrast to mouse serum, GNP-DNA degradation in human serum is a much slower process that is dominated by desorption rather than exonuclease degradation. These results suggest that serum type has a significant effect on the degradation of DNA-containing nanostructures. This finding is expected to have significant implications when GNP-DNAcontaining nanostructures are developed for human applications.
Controlling Degradation of DNA-Assembled Nanoparticles. The results obtained from a single-particle system indicated that increased serum protection was associated with (i) higher DNA density, (ii) proximity between the DNA strands and nanoparticle surface, and (iii) increased thickness of PEG backfill layer. To show how these criteria can be applied to control serum degradation of more complex nanoparticle assemblies, we designed a library of core satellite structures with different architectures and surface chemistries (molecular details are in SI Appendix, Fig. S18 and Table S1 ). "Basic Assembly" structures contained 18.9 ± 2.1 satellite particles of 5-nm diameter linked to a 15-nm core by a 67-nt-long linker DNA, 30 bases of which were present in a ds form, and backfilled with 10 kDa PEG. The structures were incubated with whole serum, and degradation was quantified using transmission electron microscopy (TEM) by counting the number of satellites remaining attached to the core as a function of time (Fig. 4A) . The rate of degradation was found to be 0.45 h −1 (Fig. 4B) , which is in the range of the rates calculated for a single-particle system densely packed with DNA (Fig. 2B) .
Next, we introduced a number of modifications predicted to affect the rate of degradation. First, the number of satellites per core was reduced to 11.0 ± 2.9 to increase the rate of degradation caused by reduced DNA density and longer average distance between DNA and nanoparticle surface. Second, another modification was to block exposed 3′ ends of all oligonucleotides with invT to prevent degradation by exonucleases. The last two modifications aimed to increase resistance to serum degradation by maximizing the density of DNA and PEG-layer coverage and reducing the distances between nanoparticles and DNA strands. This design was achieved by either shortening the linker DNA by 17 nt to bring the satellites closer to the core or introducing an extra layer of 3-nm satellites between the outer layer of 5-nm particles and the core. Fig. 4 and SI Appendix, Fig. S19 show results of incubating these assembled structures in serum. Reduced satellite coverage increased the rate of degradation by 1.5-fold (0.64 h −1 ) relative to Basic Assembly (Fig. 4B) . In contrast, structures with shorter linker or two layers showed significant protection from serum degradation (0.15 and 0.12 h −1 , respectively), leading to the observation of partially intact structures even after 8 h of incubation (Fig. 4A) . Interestingly, the 3′ end blocking did not have an observable effect. The likely explanation for this is that the core satellite architecture results in the 3′ ends of the DNA strands being located within a distance of 25 nt of 15-nm core nanoparticles' surface. At this distance, they are protected by the PEG layer, which was shown in Fig. 2B . The ends are present in more resistant dsDNA forms. The addition of actin as a DNase I inhibitor did not have any effect on serum degradation of the structures, indicating that, similar to a singleparticle system, DNase I contributes little to the degradation of nanoparticle assemblies (SI Appendix, Fig. S20 ). Therefore, strand desorption seems to be the main mechanism of breakdown of core satellite structures. Finally, the inner and outer satellite layers of the two-layer assembly degraded with distinctly different rates of 0.02 and 0.19 h −1 , respectively (Fig. 4C) . These results show that control of the density of DNA-functionalized particles in assembled structures is an efficient method to modulate their serum degradation rates.
Serum Degradation as a Mechanism for Controlled Cargo Release.
We used the principles discovered in this study to design a multistage cargo release system with programmable degradation rates. Controlled release rates may mediate the therapeutic response of nanoparticles as well as determine the toxicity of a medical delivery vehicle. We designed a two-layer superstructure Fig. S7. (B) DNase I contribution to serum degradation of GNP-DNA is not significant. Nanoparticles with ssDNA45-5′ or dsDNA45 are subjected to degradation by DNase I (at 500× serum concentration) or serum with and without DNase I inhibitor actin (densitometry curves are in SI Appendix, Fig. S10 ). Actin inhibited activity of concentrated DNase I but had no effect on serum degradation. ****P ≤ 0.0001. (C) Dithiol linker does not prevent serum-induced DNA desorption. Comparison of serum degradation of DNA45-5′ strands adsorbed onto nanoparticle with a monothiol or dithiol linker (densitometry curves are in SI Appendix, Fig. S13 ). (D) Proteins and not small molecules carry out serum degradation. Nanoparticles incubated with complete serum or its protein and small molecule fractions (SI Appendix, Fig. S16 ). Error bars are 95% confidence intervals of curve fitting based on three experimental replicates; representative PAGE gel data are shown. Statistical significance was determined by (A) ordinary one-way ANOVA or (B and C) unpaired t test. All nanoparticles had 5 kDa PEG backfill.
construct and loaded two types of fluorescent dyes onto the two sets of satellites by conjugating them to thiolated DNA. FAM (6-fluorescein amidate) was loaded onto the outer layer, whereas cyanine 5 (Cy5) was loaded onto the inner layer ( Fig. 5A and SI  Appendix, Fig. S18 ). To ensure that the degradation of the highly stable inner layer could be observed, serum incubation was extended to 16 h. According to TEM data, the outer layer began degrading immediately, whereas the inner layer remained mostly intact for the first 8 h (Fig. 5 B and C) . Only after almost complete removal of the outer layer, the inner 3-nm nanoparticles started to get ejected from the assemblies. Interestingly, although the breakdown profile was offset for the two layers by around 8 h, their degradation slopes looked similar. This result suggests that the outer-layer structures prevented the serum factors responsible for assembly degradation from reaching the inner layer. Otherwise, the two layers represented similar environments in terms of oligonucleotide density, average DNA to nanoparticle distance, and PEG-layer protection. For the assembly structures backfilled with 5 kDa PEG, the release of the FAM dye was two times faster than that of Cy5, corresponding to half-lives of 3.3 and 6.9 h, respectively (Fig. 5 D and E) . The release profiles were modestly steeper than the ejection of satellite nanoparticles, suggesting that the carrier DNA or the dyes were released from the satellites before the nanoparticle itself was disassembled from the structure. The use of longer 10 kDa PEG further increased FAM and Cy5 half-lives to 5.0 and 9.8 h, respectively (SI Appendix, Fig. S21 ). Therefore, by applying the criteria governing serum degradation rates, we engineered assembly structures that could provide serum-mediated two-stage cargo release with tunable half-lives ranging from 3 to 10 h.
Conclusions
Self-assembling nanoparticle systems are emerging as a design concept for biomedical applications (6, 7, 12) , but our understanding of their in vivo design criteria remains at a nascent stage. These assemblies are complex composite structures with multiple components, which makes their interactions with biological systems challenging to evaluate. Nevertheless, using serum interactions of DNA-assembled nanoparticles as an example, we showed that different aspects of these interactions can be investigated separately to identify the relative importance of each parameter. The optimized structural and surface chemistry design criteria can then be combined to generate complex structures with well-defined and programmable behavior. We found that higher DNA density, shorter DNA strands, and longer thickness of PEG increased resistance of DNA to serum degradation. Backfilling DNA-functionalized nanoparticles with 5 kDa or larger PEG protected them from aggregation mediated by serum proteins and small molecules. GNP-DNAs were found to be highly resistant to DNase I cleavage, and the dominant mechanisms of serum degradation were attributable to 3′ exonucleases and protein-mediated strand desorption. Serum type was found to have a significant effect on GNP-DNA degradation, with as much as 10 times slower degradation in human compared with mouse serum. Applying these design criteria to engineer DNA-assembled nanoparticles, we showed assembled structures with tunable serum stability ranging from 0.1 to 0.7 h −1 in addition to structures capable of releasing two model drugs at distinct kinetics. In future work, we plan to explore these engineering principles for multidrug of this study offer useful information for designing DNA-assembled nanoparticles for in vivo applications (2, 5) and show an experimental framework that could be applied to investigate serum stability of other types of DNA nanostructures (45, 46) .
Materials and Methods
The list of chemicals, materials, and buffer recipes is provided in SI Appendix. All DNA sequences are listed in SI Appendix, Table S1 . Methods to synthesize DNA-functional nanoparticles and -assembled structures are described in SI Appendix, Fig. S18 .
Serum Incubation of DNA-Functionalized GNPs. Four microliters 350 nM GNP-DNA was incubated for 0.5, 1, 2, 4, 6, or 8 h at 37°C with one of the following: (i) 96 μL serum; (ii) 96 μL PBS; (iii) 91 μL serum and 5 μL 1 mg/mL actin (or 5 μL PBS as control); (iv) 5 μL 1U/μL DNase I, 10 μL 10× DNase I buffer, 71 μL PBS, and 10 μL 1 mg/mL actin (or 10 μL ultrapure water); (v) 96 μL protein or small molecule serum fraction (purification details are in SI Appendix); (vi) 10 μL 10× PBS, 10 μL 100 mM DTT, and 76 μL water; or (vii) 10 μL 10× PBS, 10 μL 200 μM L-cysteine, 10 μL 210 μM GSH, and 66 μL water. Also, 4 μL 100 μM free DNA was incubated with 96 μL serum for 0.5, 1, 2, 4, 6, or 8 h at 37°C. At the end of incubation, 3.9 μL 20 mg/mL Proteinase K, 47 μL 5% SDS, and 310 μL PBS supplemented with 0.01% Tween-20 were added; the solution was incubated for 60 min at 37°C, and nanoparticles were washed by centrifugation (two times at 16,000 × g for 35 min each) and resuspended in 100 μL Tris-borate-EDTA buffer (TBE) supplemented with 0.01% Tween-20. Remaining DNA strands were released by DTT (10 μL 1 M DTT incubated at 60°C for 35 min), nanoparticles were removed by centrifugation (21,000 × g for 35 min), and DNA in supernatant was visualized by 20% TBE PAGE gel. Additional details are in SI Appendix.
Serum Incubation of Assembled Structures. Four microliters ∼80 nM assembled structures were incubated with 96 μL serum for 2, 4, 6, 8, 12, or 16 h at 37°C, washed by centrifugation in PBS (two times at 12,000 × g for 35 min each), resuspended in 10 μL PBS, and characterized by TEM. Fluorescently labeled two-layer structures were instead resuspended in 100 μL PBS, 10 μL of which were used for TEM characterization. The remaining 90 μL were mixed with 10 μL 1 M DTT and incubated for 30 min at 60°C to release all remaining DNA-conjugated dyes into solution. Nanoparticles were removed by centrifugation (21,000 × g for 30 min), and the amount of the dye in the supernatant was measured by spectrophotometry (emission and absorbance were set to 488 and 512 nm for FAM and 640 and 670 nm for Cy5, respectively). Additional details are in SI Appendix.
